The phloem exudation technique of King and Zeevaart (Plant Physiol 1974 53: 96-103) was modified for use with barley plants, to investigate the effect of water stress upon amino acid translocation at seedling and grainfilled stages.
While sucrose is well established as the principal sugar transported in the phloem of cereals (e.g. 3) , there are few previous reports on the nitrogenous phloem constituents in these crops ( 18) . The N-compounds moving in the phloem of cereals may originate from either or both of the following sources: (a) recent N assimilation (18, 23 and refs. cited therein), and (b) hydrolysis of leaf proteins, which occurs during senescence (1) and episodes of water stress (23) . Although it is clear that the relative importance of sources (a) and (b) changes both with developmental stage and with environmental conditions, little is known about the chemical forms of N which these sources make available for phloem transport. Such descriptive information on the N-compounds in the phloem of cereals is pertinent to understanding the striking capacity of these plants to remobilize N from leaves and stems, sometimes directing over 70%'o of total plant N to the grains; it is also needed for quantitative treatments of partitioning of assimi- ' lates (e.g. 6) , and bears on calculations of the bioenergetic costs of seed protein reserves (1) .
In a recent paper (23) we reported that export of organic N from second leaves of barley proceeded at a similar rate in both turgid plants and in plants water-stressed for I day. In the turgid plants the source of the exported N was mainly recently assimilated N03, while in wilted plants it was net protein breakdown. Our results implicated proline as a minor transport form of N in stressed plants, but left open the question of the major transport forms in both stressed and turgid plants. In this and the following paper, we report on the amino acids in the phloem of unstressed and stressed barley plants, at both the three-to four-leaf stage and during grain-filling. Here, we summarize results obtained with a phloem exudation technique based on that of King and Zeevaart (1 1). In the following paper (9), we describe supporting evidence derived from '3N and 'C tracer studies. (23) , and were used at 19 days (three-leaf stage), or at 21 to 24 days (four-leaf stage). Such plants were water-stressed by flooding the roots with polyethylene glycol (PEG 6000) solution 1 day prior to use, as described previously (23) . Plants for experiments with flag leaves were grown in the greenhouse in a soil mixture (7) (one or two plants per pot). Flag leaves were taken from tillers from ears which were in the mid-or late grain-filling stage. Water stress treatments involved withholding irrigation for 2 days. Onset of water stress was detectable by a rise in diffusive resistance of the upper surface of the flag leaves, measured with a Li-Cor model Autoporometer (Lambda Instruments Corp., Lincoln, Nebr.). For one experiment, flag leaves were harvested from a field plot of Proctor; this plot had been prepared, fertilized, and sown according to standard Michigan practice and was not waterstressed.
MATERIALS AND METHODS
Leaf water potential (Ile'ie4) was measured on 13-mm slices of leaves taken at the midpoint of the blades, using a Wescor dew point microvoltmeter equipped with C-52 sample chambers, and a 2-h equilibration time (16 Attached flag leaves were fed '4C02 in inverted 250-ml Erlenmeyer flasks, each equipped with a small side arm closed with a serum stopper. The flasks contained three leaves, the sheaths of which were passed through a notch in the stopper and sealed in place with Vaseline. The flasks were illuminated under the bank of four fluorescent lamps, and each received 500 .Ci of 14CO2 (51 ,uCi/,umol) which was liberated from Ba'4CO3 in a 5-ml syringe and injected as a gas through the serum stopper on the side arm. After a 30-min exposure period, the leaves were removed from the flasks and illuminated for an additional 30 min in air before use.
Phloem Exudation Experiments. Organs for exudation experiments (whole shoots, young leaves, flag leaves) were excised, at positions specified in the text, under water or a solution of the desired concentration of Na2EDTA, adjusted to pH 7.0 with NaOH (11). Before use they were recut with a razor 5 to 30 mm above the first cut. Batches of organs (e.g. four whole shoots, or 12 leaves) were placed in small vials with about a 1-cm length of their cut ends immersed in I or 2 ml of exudation medium (see text for exudation media used). The batches of organs were transferred to fresh exudation medium at 2 and 4 h, and experiments were terminated at 6 h. Incubation during the 6-h exudation period was in 20-liter glass tanks, at about 22 C, in atmospheres saturated with water vapor; in some experiments the tanks were illuminated under the bank of four fluorescent tubes described above. Further details are jiven in the text. Samples of the exudate solution were taken for ' C assay by liquid scintillation counting and for the qualitative and quantitative chemical analyses described below.
For experiments in which comparisons were made between 14C exudation and 14C translocation in intact plants, or between the amount of 14C exuded and the amount present in the exuding organs, plant parts were frozen in liquid N2 and dried at about 70 C. The 14C content of the dry tissue was determined by liquid scintillation counting following combustion in a Packard Tri-Carb model 306 sample oxidizer. In experiments in which the composition of the exudate was compared with the soluble products of sheath tissue, sections of sheath were extracted with the simplified MCW technique described by Hanson et al. (7) . The aqueous phases were evaporated to dryness and redissolved in H20 for fractionation and analysis.
Chemical Assays. The ninhydrin method of Rosen (19) was used to determine total a-amino acids, using a glycine standard. This method is well suited for amino acid mixtures because it gives essentially the same color yield (molar basis) for all common a-amino acids. Proline was estimated by the acid ninhydrin method as described by Hanson et al. (7), except that the Permutit treatment was omitted. Carbohydrate was assayed with anthrone (22) using a sucrose standard; it was verified that an invert mixture gave the same color as the equivalent amount of sucrose. Nitrate was determined with the soybean bacteroid technique of Lowe and Hamilton (13) . When using the above assays with phloem exudate, small amounts of EDTA and PEG were sometimes present; it was found that this did not interfere with any of the assays.
Separation and Identification of Amino Acids and Sugars. Aqueous phases of MCW extracts and exudate samples were brought to 5 ml with water and separated into cationic, anionic, and neutral fractions using Dowex 50-H+ and Dowex 1-acetate resins (2) . Cationic fractions (eluted from Dowex 50 with I N NH40H) were evaporated to dryness and taken up in a small volume of water. The amino acids in this fraction were then separated by high voltage TLE on glass-backed 0.I-mm cellulose plates in 70 mm sodium tetraborate buffer (pH 9.3) (8). Radioactivity on TLE plates was detected with a Packard radiochromatogram scanner or by autoradiography, and amino acids were visualized with ninhrdrin spray reagent. The contribution of aspartate to the total 4C activity in the aspartate-glutamate peak in radiochromatogram scans was estimated by rescanning the plates after ninhydrin spraying, with and without aluminum foil (Reynolds 624) exactly covering the glutamate zone. Preliminary identifications of amino acids were based on coelectrophoresis with authentic markers in sodium tetraborate buffer. These identifications were further supported by scraping the appropriate zones from unsprayed TLE plates, and subjecting them to cochromatography with authentic markers in one of the following TLC solvent systems, using precoated, plastic-backed, 0.1-mm cellulose TLC plates: isopropyl alcohol-formic acid-water (80:4: 20, v/v); 1-butanol-acetone-diethylamine-water (30:30:6:15, v/v); 1-butanol-acetic acid-water (12:3:5, v/v). Labeled amino acids were eluted from the TLE plates for determination of specific radioactivity as described previously (8) .
Neutral (sugar) fractions from the Dowex procedure were evaporated to dryness, redissolved in small volumes of water, and separated by TLC on plastic-backed cellulose plates using three ascents of ethyl acetate-acetic acid-formic acid-water (18:3:1:4, v/ v). Labeled sugars were detected by autoradiography and were estimated with anthrone after eluting from the TLC plate with 48% (v/v) ethanol (8) ; small samples of the eluates were taken for scintillation counting in order to calculate specific radioactivities.
RESULTS AND DISCUSSION
As the following calculation shows, only very small volumes of phloem exudate can be expected from cut barley leaves-even if there is no reduction in phloem sap movement after cutting. A vigorous barley seedling at the three-leaf stage has a dry weight of about 100 mg, and a rate of dry weight increase of about 10 mg/ day (ref. 7 , and unpublished results). Assuming that each leaf contributes about 3.3 mg/day to the dry matter gained, a conversion efficiency of about 0.7 mg carbon converted to dry matter per mg carbon used in growth (15) , and that phloem sap contains 10%1o (w/v) dry matter (3) , the volume of phloem sap produced by one leaf would be (3.3/0.7 x 0.1) = 47 ,ld/day, or 2 t,l/h. Such small volumes-themselves the sums of far smaller volumes passing through each vein of the leaf-clearly cannot be harvested directly as droplets. In several dicotyledonous species it has proved possible to harvest phloem exudate indirectly, by collecting the material escaping from the cut ends of petioles or other organs in relatively large volumes of solutions containing chelating agents (5, 1 1). The chelating agents probably prevent or delay the sealing of cut sieve tubes (I 1). With all exudation techniques, it is possible that at least some of the material released by cut tissues represents general leakage of solutes from the tissues, and/or the products of wound-induced tissue autolysis, as well as continued secretion of phloem sap.
In section A we describe the adaptation of the method of King and Zeevaart (I 1) to the collection of exudate from both turgid and wilted barley leaves. In section B, we summarize the evidence that phloem sap contributes substantially to the observed exudation. In An attempt was made to increase the rate of exudation by illuminating the cut leaves and subjecting them to an atmosphere enriched in CO2. Probably acting via photosynthetic production of sucrose, light enhances the mass transfer rate of translocation in the phloem (20) . Light also increases transpiration, principally by causing stomatal opening; transpiration would draw some of the EDTA solution into the leaf via the xylem. An increase in the ambient CO2 level would be expected to counteract this by reducing stomatal aperture and thus lowering transpiration, while keeping the CO2 concentration inside the leaf high enough for active net photosynthesis. Exudation of amino acids and sugars was stimulated almost 2-fold by light alone, and an additional 2-fold by light and CO2 together (Table I ). The CO2 treatment also reduced transpirational uptake of the EDTA solution. In the light in air, 15 Figure 2 , the time course of 4C exudation from stressed leaves into PEG + EDTA is compared with that obtained when PEG was omitted and the leaves rehydrated during the experiment. Although the leaves in PEG + EDTA did not gain in fresh weight, and remained severely wtoted throughout the experiment they exuded "C assimilates at about the same rate as those allowed to recover. Stressed seedling leaves exuding into PEG + EDTA gave amounts of amino acids and sugars at least equal to those exuded by unstressed leaves into EDTA alone (Fig. 3, A and B) .
With water-stressed flag leaves, addition of PEG to the medium again permitted maintenance of a low 'I'd, while exudation generally proceeded at rates somewhat lower than those from unstressed leaves (Table II; Fig. 5, B and C) .
B. EVIDENCE THAT EXUDATE IS PRINCIPALLY OF PHLOEM ORIGIN
Exudation of amino acids and sugars could be in part the consequence either of EDTA-stimulated solute leakage from all sheath tissues, of autolysis of cells damaged by cutting or EDTA, or of both these degradative processes. The following arguments, based principally upon results from unstressed seedling leaves, indicate, however, that such degradative events contribute little to exudation. Two of the key arguments were checked and found to hold also for stressed seedling leaves.
Effect of EDTA. EDTA always became decreasingly effective in stimulating exudation above concentrations of 10 to 30 mm (e.g. Fig. IA ). King and Zeevaart (11) also found an optimal EDTA concentration of 20 mm for exudation from Perilla leaves. Such an optimal concentration connotes intervention by EDTA in some specific process, and is hard to reconcile with effects on either general tissue permeability or on autolysis.
Effects of Light and CO2. Degradative processes would not be expected to show the marked dependence on light and CO2 shown in Table I . If the exudate comes mainly from the phloem, this dependence is readily explained as a consequence of enhanced photosynthesis and phloem loading of photosynthate in the blade (20 (Table IV) , presumably through metabolism of [14CJsu-crose translocated into the sheath. The heavier labeling of glucose than fructose in sheath extracts (Table IV) probably reflects differential utilization (21) . second and third leaves, and exposed for 30 min to 14C02 generated from Na214CO3. Thirty min after the end of '4CO2 exposure (= 0 h), the second and third leaves of four plants were used for exudation into EDTA, and four plants were taken for determination of the '4C content of the 5-cm sheath section next to the blade. After 6-h exudation into 5 mM EDTA in light and C02-enriched air, the 14C contents of the exudate and of the 5-cm sheath sections of the exuding leaves were determined. Eighteen seedlings were labeled with 14CO2 generated from Ba'4CO3.
Second and third leaves were cut from 12 seedlings and used for exudation into 5 mM EDTA in light and C02-enriched air. After 6-h exudation, the basal I-cm sheath segments were cut off and analyzed (A). Comparable 1-cm sheath segments were taken at the same time from leaves of six plants which were left intact during the 6-h exudation period and kept in the same environmental conditions as exuding leaves (B). The exudate analyzed was collected between 4 and 6 h (C). The amounts of Dowex 50 fractions applied to TLE plates were equivalent to extract from 2.4 sheath segment pairs, or to exudate from 2.4 leaf pairs. The 14C activity applied to each plate is given in parentheses. Positions of origin (0), anode (+), and cathode (-) are indicated. Broken lines in the Asp/Glu peak regions show the estimated contributions of aspartate. Table IV . Sugars in Exudate and Sheath Tissue of Unstressed Barley Seedling Leaves Twelve plants were trimmed to second and third leaves, labeled with '4C02 generated from Ba4CO:s, and used for exudation. Exudation was for 6 h, in the light with C02-enriched air, into 5 mM EDTA. The exudate fraction collected between 4 and 6 h was taken for analysis. Twelve more plants, trimmed and labeled in parallel with plants used for exudation, were left intact and were kept in the same conditions as the exuding leaves. At the end of the exudation period, the intact plants were used as sources of 1-cm segments of sheath tissue which were cut out 5-cm down each second and third leaf sheath. Sheath segments were extracted in MCW. The Dowex neutral fractions of exudate and sheath segment extract were analyzed after TLC. of extracted sucrose. These results indicate that phloem sap contributes substantially to sugar exudation.
There is evidence in Table IV that a small amount of sugar is released by tissues other than phloem. First, there was more radioactive glucose than fructose in exudate. Second, there was about 80%1o more chemical glucose (15 nmol) than might be expected: the specific radioactivity of glucose was 280 dpm/nmol rather than the value of 542 dpm/nmol predicted if all the glucose arose by inversion of uniformly labeled sucrose of specific radioactivity 1083 dpm/nmol. Both observations indicate that some glucose of relatively low specific radioactivity leaked out of the large free glucose pool in the nonvascular tissue of the sheath.
Concentrations and Specific Radioactivities of Amino Acids. The a-amino nitrogen of phloem sap is often principally in the form of a small, species-dependent range of amino acids; major transport forms include aspartic and glutamic acids and their amides, proline, serine, and threonine (3, 24) . The amino acid composition of phloem sap may differ quantitatively and qualitatively from that of the free amino acid fraction extracted from the organs through which the phloem runs.
In Figure 4 , the amino acid exuded are compared with those extracted from exuding sheath tissue and from sheath tissue of attached leaves. Chemically and radiochemically, the exudate comprised the same limited range of amino acids as the extracts, but in different proportions. Exudate contained relatively more glutamine and [1 C]glutamine-and less glutamate and [14CJglu-tamate-than the extract (Fig. 4 , B and C; Table V ). The specific radioactivities of both glutamine and glutamate were at least 2-fold higher in the exudate than in the extract (Table V) . Taken   with Table IV , Table V also indicates that the exudate and extract differed in their relative contents of amino acids and sugars; the molar ratio glutamine + glutamate/(2 x sucrose) + glucose was higher in exudates (0.69) than in extracts (0.28). With respect to the extract, exudate was radiochemically higher in seine, alanine, and aspartate; it appeared also to be chemically higher in serine and alanine (Fig. 4, B and C) .
These results all indicate that the exuded amino acids come mainly from recent photosynthate traveling through the phloem. Note that the extract of exuding sheath tissue (Fig. 4A) showed chemical and radiochemical increases in glutamine, serine and alanine relative to the extract of attached sheath tissue (Fig. 4B ). This can be ascribed to a build-up of basipetally translocated assimilate in the veins of the sheath.
The ratio of amino acids to sugars in the exudate (about I glycine equivalent per sucrose equivalent, Table I , and Figs. IB, 3A and 3B) was high, corresponding to a C/N weight ratio of about 10 . Such a composition falls well within the range of values in the literature for the phloem sap of various species (e.g. 24 ). The high amino acid level (low C/N ratio) is consistent with the high nitrogen requirement for production of new leaves by the seedlings; the protein concentration (N x 6.25) of leaves was about 30%o of total dry matter. Figure 4 . Note that the running positions of the amino acids differed among the TLE plates. A: second and third leaves were from seedlings water-stressed for I day. Other details were as for Figure 4C . B: nine flag leaves were used, from tillers whose grains had reached an average of 37% of their final dry weight. Three leaves were labeled with '4C02; exudation was in light with C02-enriched air, into 5 Water-stressed Seeding Leaves. Water stress slightly increased the amino acid to sugar ratio of the exudate (Fig. 3, A and B) , but did not change the amino acid composition very markedly (compare Fig. 5A with Fig. 4C ). Chemically and radiochemically, water-stressed seedling leaves exuded relatively more serine. The increase in serine may arise because more serine is produced in water-stressed leaf blades via the glycolate pathway (12) . The scanner trace of Figure 5A shows a small but significant peak of "4C in the proline zone, which was resolved by TLC into proline and y-aminobutyric acid. Figure 3D confirms the presence of a small amount of proline in exudate (about 5% of total a-amino N). This is consistent with results of N balance studies (23) which indicated that proline was only a minor transport form of N from stressed seedling leaves. Plant Physiol. Vol. 64, 1979 Plant Physiol. Vol. 64, 1979 Unstressed and Water-stressed Flag Leaves. The amino acid to sugar ratio of exudate from unstressed flag leaves was like that for seedling leaves (Table II) . Unstressed flag leaves in the mid-grainfilling period exuded the same amino acids as unstressed seedling leaves; the chemical and radiochemical proportions differed in that there was more alanine and less serine in flag leaf exudate (Fig. 5B) . The flag leaves of Figure 5B were probably mobilizing little of their N to grain because the plants were regularly watered with nutrient solution, and the flag leaves showed no visible senescence symptoms. In an experiment carried out close to the end of the grain-filling period, in which the flag leaves had begun to yellow and die at the tips, the amino acid exudation pattern was still very like that of Figure 5B .
As with seedling leaves, flag leaf exudate did not change drastically during water stress (Fig. 5C) ; there was an increase in the relative amount of serine, and the appearance of "'C in the proline zone, which was shown by TLC to be contributed about equally by proline and y-aminobutyric acid. The amino acid to sugar ratio rose (Table II) ; this rise, seen also with seedling leaves, is consistent with a stress-induced decline in net photosynthesis accompanied by precocious protein hydrolysis and N mobilization.
CONCLUSIONS
The following conclusions draw additional support from the '3N and "'C tracer results reported in the second paper in this series (9) .
1. The five principal amino acids found in barley phloem exudate were glutamine, glutamate, serine, alanine, and aspartate. The exudate composition in the absence of water stress was quite similar during vegetative and reproductive growth, and probably also during senescence. The composition was not drastically modified by water stress, which led to an increase in the relative amount of serine, and to the appearance of small amounts of yaminobutyric acid and proline. That the proline levels in exudate from stressed leaves are low supports our previous conclusion that proline does not assume a major role in N transport during water stress (23 3. Following from conclusions 1 and 2, when N is remobilized from leaves to grains, much of it must be channeled (via free NH3 or a-amino groups) into glutamine and glutamate before export. Two related bioenergetic considerations arise from this. First, glutamine and glutamate synthesis may be driven directly by light in leaves, eliminating a sugar requirement for the production of the necessary ATP and reducing power (14) . The bioenergetic costs for the synthesis of these transport amino acids from aketoglutarate may thus be low. Second, barley grain protein has a very high content of amino acids of the glutamate family. If the amino acids transported to the grain are identical with (or closely related to) those stored in its protein, and present in appropriate relative amounts, the grain is spared the bioenergetic costs involved in metabolic conversion of the imported amino acids into those required for the synthesis of storage proteins (4). In the whole barley plant, N salvage from stressed or senescing leaves, organic N translocation, and grain-filling from remobilized N may be tied closely together by shared requirements or preferences for glutamine and glutamate.
